INTRODUCTION
Cells cultured in a three-dimensional (3D) hydrogel matrix resemble and simulate various functions of real tissue, and have drawn significant attentions in the fields of tissue engineering, 1 stem cell research, 2 drug screening, 3 and cell-based drug delivery. 4 In particular, because micrometer diameter hydrogel particles provide a well-controlled, physically isolated microenvironment for 3D cell culture, 5, 6 numerous methods including extrusion, 7 complex coacervation, 8 emulsification, 9 and microfluidics 10 have been developed to encapsulate cells in hydrogel particles. Recent advances in microfluidics, in particular, have yielded unprecedented control over the generation of hierarchical emulsion drops and hydrogel particles, [11] [12] [13] and thus have significantly improved the efficiency of cell microencapsulation. Microfluidic generation of cell-containing aqueous drops and/or particles, however, usually occurs in a continuous oil phase, which unavoidably results in oil contamination of particles and cells. Because oil contamination is toxic and has showed to be able to inhibit cell growth, accelerate cell death, and damage the formation of tissue, 14, 15 microfluidic approaches that are able to produce oil-free cell-containing particles are of great interest.
Colorectal cancer cells, on the other hand, have been cultured in 3D matrixes to recapitulate the in vivo structure of colon tumors. 16 These 3D culture systems have been used for testing anti-cancer drugs [17] [18] [19] and to address functional interactions among colorectal cancer cells, stromal cells, and the extracellular matrix. 20, 21 Particularly, it has been shown that 3D culture environment impacts the activities of colorectal cancer cells including morphologic types, proliferation, and gene expression. The majority of studies of colorectal cancer cells in 3D matrixes, however, are conducted under a bulk 3D culture environment, where hundreds of colon cancer cells are cultured together in a matrix. As a result, cell-to-cell communications likely affect the activities of colorectal cancer cells, compromising the impact of 3D environment on cellular activities. Studies of 3D-growth of single cancer cells in a physically isolated microenvironment per se, however, are limited. Here, we demonstrate a microfluidic approach to produce oil-free hydrogel particles with controlled numbers of encapsulated human HCT116 colon cancer cells and investigate the growth of single HCT116 cells in a physically isolated 3D microenvironment. To produce oilfree hydrogel particles, we utilize perfluoro-n-pentane (PFP) as the continuous oil phase to generate aqueous cell-containing droplets. Because PFP has a boiling point of 29 C, it can be removed effectively by evaporating the oil phase at 37 C. Meanwhile, Extracel hydrogel precursors, which are widely used for cell culture including colon cancer cells, 22 are added to the aqueous cell-containing droplets and become gelation at 37 C. As a result, oil-free hydrogel particles can be generated by simultaneously evaporating the PFP oil phase and solidifying the hydrogel precursor-containing aqueous drops at 37
C. Furthermore, we show that when HCT116 cells are encapsulated in the oil-free hydrogel particles, HCT116 cells show a higher viability than that encapsulated in particles generated via conventional approaches. In addition, we find that, at the single cell level, encapsulated HCT116 cells grow slower and are more susceptible to inflammatory stimuli than cells cultured in petri dish, highlighting the regulatory role of the confined 3D microenvironment for cell proliferation and homeostasis. To the best of our knowledge, this is the first demonstration of an evaporation-based microfluidic approach to produce oil-free cell-containing hydrogel particles and the investigation of 3D-culture of single colorectal cancer cells in a physically isolated microenvironment.
MATERIALS AND METHODS
Cell culture and maintenance, microfluidic generation of drops, and encapsulation of HCT116 human colon cancer cells in drops are described in detail in the supplementary material. 35 To generated Extracel hydrogel particles with encapsulated HCT116 cells, a HyStem-C Hydrogel Kit (BD Biosciences) was utilized as the Extracel hydrogel precursors, which consisted of Glycosil (thiol-modified sodium hyaluronate), Gelin-S (thiol-modified gelatin), Extralink (PEGDA, polyethylene glycol diacrylate), and degassed, deionized (DI) water. The Glycosil and Gelin-S powder were dissolved in 1 ml DI water separately and Extralink powder was dissolved in 0.5 ml DI water. The cell-monomer mixture was prepared by well mixing 150 ll Glycosil and 150 ll Gelin-S in a 1 ml centrifuge tube, followed by adding 150 ll HCT116 cell solution (1 Â 10 8 cells ml À1 ). Oil as continuous phase was prepared by adding 2 wt. % PEG-157 surfactant, which is synthesized based on the previous report, 23 into perfluoron-pentane (Strem Chemicals). 7500 Engineered Fluid (3M TM Novec TM ) (HFE 7500) was prepared by adding 2 wt. % amine-modified Krytox. To evaporate the oil phase, cell encapsulating droplets with excess oil were collected in a 1 ml centrifuge tube and then incubated at 37 C. The tube was taken out and weighed every 5 min to monitor the weight change.
RESULTS AND DISCUSSION
To control the generation of Extracel hydrogel particles, we have developed a flowfocusing microfluidic device that has two individual inlets to prevent hydrogel precursors from gelation during the process of sample introduction (Figure 1(a) ). One of the inlets is for hydrogel monomers (Glycosil and Gelin-S) and the other inlet is for the crosslinker (Extralink). The crosslinker solution and hydrogel monomers mixed with a HCT116 cell suspension (1 Â 10 8 cells ml
À1
) are injected, respectively, into the two separated inlet channels, flowing through the confluence area and form droplets downstream in a continuous oil phase. To optimize the encapsulation efficiency for 2-4 cells per drops, we estimate the diameter of drops to be 50 lm for a concentration of cells in the aqueous phase of 1 Â 10 8 cells ml
, based on Poisson distribution equation (see supplementary material 35 for Figure S1 ). 24, 25 Indeed, when a typical aqueous flow rate of 4 ll min À1 (for both aqueous phases) and oil flow rate of 40 ll min À1 are used, we are able to generate cell-containing aqueous drops with an average diameter of 50 lm. As shown in Figure 1(b) inset, the diameters of the majority of particles (>70%) fall into the range of 46-54 lm. Only 6% and 5% of the particles have the diameters in the range of 30-38 lm and 54-62 lm, respectively. Cells encapsulated in drops are clearly evident in Figure 1(b) . The percentage of droplets with two cells is 65% among all the cell-containing drops.
To remove the PFP oil phase by evaporation, we collect the cell-containing drops in a 1 ml centrifuge tube and incubate the mixture solution at 37 C. The progress of evaporation is monitored by measuring the weight of the mixture solution at different incubation time ( Figure  1(c) ). For comparison, we also generate cell-containing drops in a HFE 7500 oil phase. The results show that the weight of the PFP mixture stops decreasing after incubating at 37 C for 35-40 min, suggesting that the oil phase is evaporated completely (Figure 2(a) ). In contrast, the removal of the HFE 7500 solution via evaporation is ineffective and the weight of HFE 7500 solution remains almost constant within 40 min. For a long time incubation, the weight of HFE 7500 solution decreases slowly over 1200 min (see the supplementary material 35 for Figure S2 ). Note that separation of the oil phase from particles by using conventional approaches such as centrifugation and filtration is not effective (see the supplementary material 35 for Figure S3 ). Rapid evaporation of PFP, however, results in an aggregation of cell-containing particles (Figure 2(a), inset) . To prevent particles from aggregation, we collect the cell-containing drops in a centrifuge tube that is prefilled with a DMEM culture medium. As shown in Figure 2 (b) inset, PFP from the continuous oil phase remains at the bottom of the centrifuge tube and the cell-containing drops form a layer between the culture medium and PFP. After the mixture is incubated for about 90 min, the weight of the mixture stops decreasing (Figure 2(b) ), and particles are obtained without any aggregation in the DMEM culture medium.
We then study the cell viability by culturing the cell-containing particles at 37 C in the DMEM medium, where nutrients in the medium are expected to be delivered to cells through diffusion. Our results show that the majority of cells (>90%) survive in the first 72 h, but the percentage of living cells shows a descending trend within the next 144 h (Figure 2(c) ). In contrast, when HFE 7500 is used as the oil phase to generate cell-containing hydrogel particles, the percentage of living cells starts to decrease sharply after 24 h and drops to 0% within 120 h. Note that cell-containing hydrogel particles generated in HFE 7500 oil are collected via centrifugation and cultured under the same condition as cell-containing hydrogel particles generated in PFP. HFE 7500 has been used extensively as the continuous oil phase in microfluidic-based generation of droplets or micro-particles due to its inertness and ability to provide superior droplet stability. 26 Our results, however, demonstrate a toxic effect of the residue HFE 7500 oil on the growth of encapsulated colon cancer cells.
We further investigate the cell proliferation dynamics at the single cell level and find that the cells encapsulated in hydrogel particles have a prolonged cell cycle and a relatively low proliferation rate. Encapsulated cells spend 3 days to grow before reaching the division stage, and the division process normally takes about 2.5 h, which is much longer than that of cells growing in petri dish (see the supplementary material 35 for Figure S4 ). In particular, encapsulated cells always keep a spherical morphology in contrast to the spindle-like shape of cells cultured in petri dish. During cell division in particles, cells elongate first, followed by the formation of two daughter cells. Notably, newborn daughter cells always stick tightly to their maternal cells and keep their spherical morphology. Occasionally, remerging of newborn daughter cells with their maternal cells is observed (Figure 3(a) , (multimedia view)). As a result, the proliferation rate of encapsulated HCT116 cells is much lower than that of HCT116 cells growing in petri dish (Figure 3(b) ).
In addition, we notice that when encapsulated HCT116 cells are cultured for 4 days, there are more particles containing 3 cells than that with 2 cells (Figure 3(c) ). In particular, when the number of cells at different culture time is evaluated by using (n n À n 0 )/n 0 Â 100%, where n n is the number of particles containing 2 or 3 cells quantified at day n, (n ¼ 1, 2, 3, and 4) and n 0 is the number of particles containing 2 or 3 cells collected at day 0, the percentage of particles containing 3 cells increases dramatically within 4 days. The observation might result from a declined proliferation rate when more cells are encapsulated in one particle. Assuming cells encapsulated in particles with 3 cells stop growing on day 3, for example, there would be more particles containing 3 cells on day 4 because of the high proliferation rate of cells encapsulated in particles with 1 or 2 cells. Thus, accumulation of particles containing 3 cells is expected when the growth rate of cells in particles with 3 cells is lower than that of particles with 1 or 2 cells. Indeed, because encapsulated cells are required to overcome the effect of physical impediments from the matrix and remodel their extracellular microenvironment to create enough space to migrate and proliferate, 27, 28 it is likely that a crowded microenvironment due to increased numbers of cells per particle exerts additional physical confinement that suppresses the proliferation of encapsulated cells. Our results demonstrate, for the first time, the relationships between the number of encapsulated cells and cell proliferation. However, it should be Last, because chronic inflammation is associated with colon cancer, we further study the dynamic responses of encapsulated colon cancer cells to inflammatory cytokines such as TNF-a (Tumor Necrosis Factor-alpha) (Figure 4) . 29 TNF-a is a cytokine involved in systematic inflammation and stimulation of acute phase reaction. 30 It has been demonstrated previously that TNF-a is able to inhibit the growth of HCT116 cells cultured in petri dish and induces programmed cell death. 31 In our experiment, where encapsulated human HCT116 cells are treated with different concentrations of TNF-a, the cell viability decreases with the increase of concentration of TNF-a. High concentrations of TNF-a, e.g., above the pathological concentration of TNF-a in colon (5 ng ml À1 ), 30 accelerate cell death (Figure 4(a) ), which is similar with the results obtained from cells cultured in petri dish (Figure 4(b) ). Cells cultured in petri dish, however, live longer than cells cultured in particles, and can adapt to a low TNF-a concentration, e.g., 0.1 ng ml À1 . Cells cultured in particles undergo apoptosis rapidly between 70 and 140 h, depending on the concentration of TNF-a, and do not show the ability to adapt to a low concentration of TNF-a. The observed phenomena may arise from the fact that there is a critical concentration of TNF-a above which cells start to undergo apoptosis. 32 When cells are encapsulated in a 3D hydrogel matrix, e.g., Extracel hydrogel particles, however, hydrogel matrix may act as a constrained, stiff network that impairs cell migration and proliferation via regulations of cellular signaling pathways such as integrin ligation, protein kinase activity, and activation of Rho family GTPases, 27, 33, 34 and thus leads to a descending cell viability. In this case, the additional stimulation by TNF-a may accelerate cell apoptosis by further activating TNF-ainduced cell apoptosis pathways. However, it should be noted that in the first 24 h cells encapsulated in particles have a higher viability than cells cultured in petri dish do. The reason for this phenomenon remains unclear to us. A possible explanation is the slow diffusion rate of TNF-a in hydrogel particles or a gradient of TNF-a across the particle that may delay the effect of TNF-a on cell viability in the early stage of treatment.
CONCLUSIONS
We have demonstrated a microfluidic approach to generate oil-free, cell-containing hydrogel particles by utilizing PFP as the continuous oil phase. Highly efficient removal of PFP by evaporation contributes to a comparably long time, 216 h, culture of encapsulated human HCT116 colon cancer cells. An apparent cell growth in hydrogel particles is observed at both population and single cell levels. When cells are treated with an inflammatory cytokine TNFa, encapsulated cells are more susceptible to the TNF-a stimuli than cells cultured in petri dish, highlighting the regulatory role of matrix in cancer cells growth under inflammatory conditions. The developed strategy provides an effective approach to obtain cell-containing hydrogel particles without oil contamination and may serve as a potentially useful platform for the development of hydrogel particle-based 3D cell culture, tissue engineering, and cell-based drug delivery.
